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(54) Reflecting type optical system 

(57) An optical system of reflecting type according 
to the invention comprises an optical element com- 
posed of a transparent body having an entrance sur- 
face, an exit surface and at least three curved reflecting 
surfaces of internal reflection, wherein a light beam 
coming from an object and entering at the entrance sur- 
face is reflected from at least one of the reflecting sur- 
faces to form a primary image within the optical element 
and is, then, made to exit from the exit surface through 
the remaining reflecting surfaces to form an object 
image on a predetermined plane, and wherein 70% or 
more of the length of a reference axis in the optical ele- 
ment lies in one plane. 
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Description 

Background of the Invention: 
5 Field of the Invention: 

This invention relates to optical systems of reflecting type and image pickup apparatuses using the same and, more 
particularly, to such optical systems which, using an optical element of many reflecting surfaces, form an object image 
on a predetermined plane. Still more particularly, this invention relates to improvements of the compact form of the 
10 entirety of the optical system suited to video cameras, still cameras or copying machines. 

Description of the Related Art: 

There have been many previous proposals for utilizing the reflecting surfaces of convex and concave mirrors in the 
15 optical system for image pickup apparatus. Fig. 24 schematically shows a so-called mirror optical system composed of 
one concave mirror and one convex mirror. 

In the so-called mirror optical system of Fig. 24, an axial beam 104 coming from an object is reflected from the con- 
cave mirror 101. While being converged, it goes toward the object side and Is then reflected by the convex mirror 102 
to form an image on an image plane 1 03. 
20 This mirror optical system is based on the configuration of the so-called Cassegrainian reflecting telescope. The 
aim of adopting it is to shorten the total length of the entire system as the equivalent telephoto system which is con- 
structed with refracting surfaces or lenses alone has a long total length. To this purpose, the optical path is folded twice 
by using two reflecting surfaces arranged in confronting relation. 

Even for the objective lens systems of telescopes, besides the Cassegrainian type, there are known, from a similar 
25 reason, a large number of forms with the use of a plurality of reflecting mirrors in shortening the total length of the optical 
system. 

Like this, in a case where a photographic lens would take a long total length, it has been the common practice to 
employ reflecting mirrors instead of some of the lens members. By folding the optical path to good efficiency, a compact 
mirror optical system is obtained. 
30 ' However, the Cassegrainian reflecting telescopes and like mirror optical systems generally suffer a problem due to 
the vignetting effect by the convex mirror 102, as the object light beam is partly mutilated. This problem will survive so 
long as the convex mirror 102 is laid at the central passage of the object beam 104. 

To solve this problem, the reflecting mirror may be put decentered, thus avoiding obstruction of the passage of the 
object beam 104 by the unintegrated part of the optical system. In other words, the principal ray 106 of the light beam 
35 is dislocated away from an optical axis 105. Such an optical system, too, has previously been proposed. 

Fig. 25 is a schematic diagram of a mirror optical system disclosed in U.S. Patent No. 3.674,334, wherein the prob- 
lem of mutilation described above is solved in such a way that the reflecting mirrors to be used are rotationally symmet- 
ric with respect to the optical axis and partly cut off. 

The mirror optical system of Fig. 25 comprises, in order of passage of the light beam, a concave mirror 1 1 1, a con- 
40 vex mirror 113 and a concave mirror 1 12, which, when in the prototype design, are, as shown by the double dot-and- 
dash lines, the complete reflecting surfaces of rotational symmetry with respect to the optical axis 1 14. Of these, the 
concave mirror 111 is used only in the upper half on the paper of the drawing with respect to the optical axis 1 1 4, the 
convex mirror 113 only in the lower half and the concave mirror 112 only in a lower marginal portion, thereby bringing 
the principal ray 1 16 of the object beam 1 15 into dislocation away from the optical axis 1 14. The optical system is thus 
45 made free from the mutilation of the object beam 1 1 5. 

Fig. 26 shows another mirror optical system which is disclosed in U.S. Patent No. 5,063,586. The reflecting mirrors 
have their central axes made themselves to decenter from the optical axis. As a result, the principal ray of the object 
beam is dislocated from the optical axis, thus solving the above-described problem. 

Referring to Fig. 26, assume that the perpendicular line 1 27 to the object plane 1 21 is an optical axis. With a convex 
so mirror 1 22, a concave mirror 1 23, a convex mirror 1 24 and a concave mirror 1 25 in order of passage of the light beam, 
it is then proven that the centers of their reflecting areas do not fall on the optical axis 127 and that their central axes 
(the lines connecting those centers with the respective centers of curvature of the reflecting surfaces) 122a, 123a, 124a 
and 125a are decentered from the optical axis 127. In connection with this figure, the decentering amount and the 
radius of curvatures of every one surface are appropriately determined to prevent the object beam 1 28 from being muti- 
55 lated by the other mirrors. Thus, an object image is formed on a focal plane 126 with high efficiency. 

Besides these, U.S. Patents Nos. 4,737,021 and 4,265,51 0 even disclose similar systems freed from the vignetting 
effect either by using certain portions of the reflecting mirrors of revolution symmetry about the optical axis or by 
decentering the central axes themselves of the reflecting mirrors from the optical axis. 
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These reflecting type photographic optical systems, because of their having a great number of constituent parts, 
have need of increasing the precision accuracy with which to assemble the individual optical parts in order to insure that 
the satisfactory optical performance can be obtained. In particular, because the tolerance for the relative positions of 
the reflecting mirrors is severe, later adjustment of the position and angle of orientation of each reflecting mirror is indis- 
5 pensable. 

To solve this problem, one of the proposed methods is to construct the mirror system in the form of, for example, a 
block, thus avoiding the error which would otherwise result from the stepwise incorporation of the optical parts when in 
assembling. 

It has been known to provide one block with a large number of reflecting surfaces. For example, the viewf inder sys- 
10 terns employ optical prisms such as pentagonal roof prisms or Pdrro prisms. 

These prisms are made up by the molding techniques to unify the plurality of reflecting surfaces. Therefore, all the 
reflecting surfaces take their relative positions in so much good accuracy as to obviate the necessity of doing any more 
adjustments of the relative positions of the reflecting surfaces to one another. However, the main function of these 
prisms is to change the direction of travel of light for the purpose of inverting the image. Every reflecting surface is, 
is therefore, made to be a flat surface. 

For the counter part to this, there is also known an optical system by giving curvature to the reflecting surface of the 
prism. 

Fig. 27 is a schematic diagram of the main parts of an observing optical system disclosed in U.S. Patent No. 
4,775,217. This optical system is used for observing the external field or landscape and, at the same time, presenting 
20 an information display of data and icons in overlapping relation on the landscape. 

The rays of light 145 radiating from the information display device 141 are reflected from a surface 142, going to 
the object side until they arrive at a half-mirror 143 of concave curvature. The reflected ones of the light rays 145 from 
the half-mirror 143 are nearly collimated by the refractive power of the concave surface 143, and refract in crossing the 
surface 142, reaching the eye 144 of the observer. The observer views an enlarged virtual image of the displayed data 
25 or icons. 

Meanwhile, a light beam 1 46 from an object enters at a surface 1 47 which is nearly parallel with the reflecting sur- 
face 142, and is refracted by it and arrives at the concave surface 143. Since this surface 143 is coated with a half-per- 
meable layer by the vacuum evaporation technique, part of the light beam 1 46 penetrates the concave surface 1 43 and 
refracts in crossing the surface 142, entering the pupil 1 44 of the observer. So, the observer views the display image in 
30 overlapping relation on the external field or landscape. 

Fig. 28 is a schematic diagram of the main parts of another observing optical system disclosed in Japanese Laid- 
Open Patent Application No. Hei 2-297516. This optical system, too, is used for viewing the external field or landscape 
and, at the same time, noticing the information on the display device in overlapping relation. 

In this system, a light beam 154 from an information display 150 enters a prism Pa at a flat surface 157 and is inci- 
35 dent on a paraboloidal reflecting surface 151. Being reflected from this surface 151, the display light beam 154 
becomes a converging beam. Before the display light beam 1 54 forms an image on a focal plane 1 56, three total reflec- 
tions occurs as the beam 154 travels between two parallel flat surfaces 157 and 158 of the prism Pa. A thinning of the 
entirety of the optical system is thus achieved. 

From the focal plane 156, the display light beam 154 exits as a diverging beam and, while repeating total reflection 
40 from the flat surfaces 157 and 158, goes on till it is incident on a paraboloidal surface 152. Since this surface 152 is a 
half-mirror, the beam 1 54 is reflected and, at the same time, undergoes its refractive power, forming an enlarged virtual 
image of the display and becoming a nearly parallel beam. After having penetrated the surface 157, the beam 154 
enters the pupil 153 of the observer. Thus, the observer looks at the display image on the background of the external 
field or landscape. 

45 Meanwhile, an object light beam 155 from the external field passes through aflat surface 158b constituting a prism 
Pb, then penetrates the paraboloidal half-mirror 152 and then exits from the surface 157, reaching the eye 153 of the 
observer. So, the observer views the external field or landscape with the display image overlapping thereon. 

Further, an optical element can be used in the reflecting surface of the prism. This is exemplified as disclosed in, 
for example, Japanese Laid-Open Patent Applications Nos. Hei 5-12704 and Hei 6-139612 as applied to the optical 

so head for photo-pickup. Such a head receives the light from a semiconductor laser, then reflects it from the Fresnel sur- 
face or hologram surface to form an image on a disk, and then conducts the reflected light from the disk to a detector. 

The mirror optical systems of the U.S. Patents Nos. 3,674,334, 5,063,586 and 4,265,510 mentioned before have a 
common feature that all the reflecting mirrors are made decentered by respective different amounts to one another. 
Hence, the mounting mechanism for the reflecting mirrors becomes very complicated in structure. It is also very difficult 

55 to secure the acceptable mount tolerance. 

It should be also noted that the prior-known reflecting type photographic optical systems are adapted for application 
to the so-called telephoto type of lens systems as this type has a long total length and a small field angle. To attain a 
photographic optical system which necessitates the field angles of from the standard lens to the wide-angle lens, 
because an increasing number of reflecting surfaces for correcting aberrations is required to use, the parts must be 
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manufactured to even higher precision accuracy and assembled with even severer a tolerance. Therefore, the produc- 
. tion cost has to be sacrificed. Otherwise, the size of the entire system tends to increase largely. 

Also, the observing optical systems of the U.S. Patent No. 4,775,21 7 and the Japanese Laid-Open Patent Applica- 
tion No. Hei 2-29751 6 mentioned before each have an aim chiefly to produce the pupil image forming function such that, 
5 as the information display is positioned remotely of the observer's eye, the light is conducted with high efficiency to the 
pupil of the observer. Another chief aim is to change the direction of travel of the light. Concerning the positive use of 
the curvature-imparted reflecting surface in correcting aberrations, therefore, no technical ideas are directly disclosed. 

Also, the optical systems for photo-pickup of the Japanese Laid-Open Patent Applications Nos. Hei 5-12704 and 
Hei 6-139612 mentioned before each limit its use in the detecting purpose. Therefore, these systems are unable to sat- 
10 isfy the imaging performance for photographic optical systems and particularly image pickup apparatus using CCD or 
like area type image sensor. 

Summary of the Invention: 

75 A plurality of reflecting surfaces of curved and flat shapes are formed in unison to produce an optical element. By 
using a plurality of such optical elements, a mirror optical system is constructed with the size of its entirely shortened 
to a minimum. At the same time, the position and orientation tolerances (assembling tolerances) for the reflecting mir- 
rors is made looser than was heretofore usually necessary to the mirror optical systems. It is, therefore, a first object of 
the invention to provide a high accurate optical system of reflecting type and an image pickup apparatus using the 

20 same. 

A stop is located at a position nearest to the object side among the optical system, and an object image is formed 
at least once within the optical system. With this, despite a wide angle optical system of reflecting type, the effective 
diameter of the optical system is shortened. Moreover, a plurality of reflecting surfaces constituting the optical element 
are given appropriate refractive powers and the reflecting surfaces constituting every optical system are arranged in 
25 decentering relation to thereby zigzag the optical path in the optical system to a desired conformation, thus shortening 
the total length of the optical system in a certain direction. It is, therefore, a second object of the invention to provide a 
compact optical system of reflecting type and an image pickup apparatus using the same. 

To attain the above objects, an optical system of reflecting type according to the invention comprises an optical ele- 
ment composed of a transparent body having an entrance surface, an exit surface and at least three curved reflecting 
30 surfaces of internal reflection, wherein a light beam coming from an object and entering at the entrance surface is 
reflected from at least one of the reflecting surfaces to form a primary image within the optical element and is, then, 
made to exit from the exit surface through the remaining reflecting surfaces to form an object image on a predetermined 
plane, and wherein 70% or more of the length of a reference axis in the optical element lies in one plane. 
In particular, the characteristic features of the invention are as follows: 

35 

A stop is located adjacent to the entrance surface of the optical element; 

The first curved reflecting surface of the optical element, when counted from the object 

side, has a converging action; 

The first curved reflecting surface is formed to an ellipsoid of revolution; 
40 The shape of the first curved reflecting surface is expressed by using a local coordinate system (x,y,z) for the first 
curved reflecting surface and letting coefficients representing the shape of a base zone of the first curved reflecting 
surface be denoted by a, b and t, wherein, putting 

A = (a+b)(y 2 cos 2 t+x 2 ) 

45 

B = 2abcost[1+{(b-a)ysint/(2ab)} + {1+{(b-a)ysint/(ab)} - {y 2 /(ab)} - {4abcos 2 t+(a+b) 2 sin 2 t}x 2 /(4a 2 b 2 cos 2 t)} 1/2 ] 
and defining 

so z = A/B+C 02 y 2 +C 20 x 2 +C 03 y 3 +C 2 , x 2 y+C ^y 4 +C 22 x 2 y 2 +C 40 x 4 

the following conditions are satisfied: 

ab > 0 

55 

0.9<t/|0| < 1.5 
0.9 < a/d < 2.0 
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0.9 < b/d < 2.0 

where e is an angle of inclination ol the first curved reflecting surface with respect to the reference axis and d is the 
distance between the center of the stop and the first curved reflecting surface as measured along the reference 
5 axis; 

All design parameters are so determined that an entrance pupil of the reflecting type optical system is located 
nearer to an object side than the first reflecting surface, when counted from the object side, of the optical element; 
In the optical element, an entering reference axis and an exiting reference axis are in parallel and are directed in 
the same direction; 

w In the optical element, an entering reference axis and an exiting reference axis are in parallel and are directed in 
opposite directions; 

In the optical element, an entering reference axis and an exiting reference axis is orthogonal to each other; 
The curved reflecting surfaces constituting the optical element each are of a form having only one plane of symme- 
try; 

15 The entrance surface and the exit surface each have a refractive power; 
The entrance surface has a positive refractive power; 

The entrance surface has a negative refractive power and the exit surface has a positive refractive power; 
The entrance surface and the exit surface each have a negative refractive power; 
The entrance surface and the exit surface each have a positive refractive power; 
20 The entrance surface has a positive refractive power and the exit surface has a negative refractive power; 

The entrance surface and the exit surface each have a form which is rotationally symmetric with respect to the ref- 
erence axis; 

The optical element moves in parallel to the exiting reference axis to effect focusing; 
The whole of the reference axis of the optical element lies on one plane; and 
25 The optical element has a reflecting surface whose normal line at a point of intersection with the reference axis is 
inclined with respect to a plane in which more than 70% of the length of the reference axis of the optical element 
lies. 

Another optical system of reflecting type according to the invention comprises an optical element having at least 
30 three curved reflecting surfaces of surface reflection whose reference axis lies on one plane and which are formed in 
unison so as to be opposed to each other, wherein a light beam coming from an object is reflected from at least one of 
the three curved reflecting surfaces to form an object image and the object image is then re-formed in a contracted fash- 
ion on a predetermined plane by the remaining reflecting surfaces. 

In particular, the characteristic features of the invention are as follows: 

35 

A stop is located on an object side of the optical element; 

The first curved reflecting surface, when counted from the object side, of the optical element has a converging 
action; 

The first curved reflecting surface is formed to an ellipsoid of revolution; 
40 The shape of the first curved reflecting surface is expressed by using a local coordinate system (x.y.z) for the first 
curved reflecting surface and letting coefficients representing the shape of a base zone of the first curved reflecting 
surface be denoted by a, b and t, wherein, putting 

A = (a+b)(y 2 cos 2 t+x 2 ) 

2 2222222 1/2 

B=2abcostI1+{(b-a)ysint/(2ab)}+{1+{(b-a)ysinV(ab)}-{y V(ab)} - {4abcos t+(a+b) sin t}x /(4a b cos t)} ] 
and defining 

so z = A/B+C 02 y 2 +C 20 x 2 +C 0 3y 3 +C 21 x 2 y+Co4y 4 +C22 x2 y 2+C 4o x4 

the following conditions are satisfied: 

ab >0 

55 

0.9 < t/|ei < 1.5 
0.9 < a/d < 2.0 
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0.9 < b/d < 2.0 

where 6 is an angle of inclination of the first curved reflecting surface with respect to the reference axis and d is the 
distance between the center of the stop and the first curved reflecting surface as measured along the reference 
5 axis; 

All design parameters are so determined that an entrance pupil of the reflecting type optical system is located 
nearer to an object side than the first reflecting surface, when counted from the object side, of the optical element; 
In the optical element an entering reference axis and an exiting reference axis are in parallel and are directed in 
the same direction; 

w In the optical element, an entering reference axis and an exiting reference axis are in parallel and are directed in 
opposite directions; 

In the optical element, an entering reference axis and an exiting reference axis are orthogonal to each other; 
A refracting optical system is located on the object and/or image side of the optical element; 
The curved reflecting surfaces constituting the optical element each are of a form having only one plane of symme- 
15 try; and 

The optical element moves in parallel to the exiting reference axis to effect focusing. 

A further optical system of reflecting type according to the invention comprises an optical element having formed 
therein in unison at least three curved reflecting surfaces composed of surface reflecting mirrors and a reflecting sur- 

20 face whose normal line at a point of intersection with a reference axis is inclined with respect to a plane in which the 
reference axis among the plurality of reflecting surfaces lie, wherein, as a light beam coming from an object repeats 
reflection from the plurality of reflecting surfaces and then exits to form an image of the object, the object beam coming 
from the object is once focused to form an object image in one of spaces among the plurality of reflecting surfaces and 
is then focused to re-form the object image. 

25 In particular, the characteristic features of the invention are as follows: 

A stop is located on an object side of the optical element; 

The first curved reflecting surface, when counted from the object side, of the optical element has a converging 
action; 

30 The first curved reflecting surface is formed to an ellipsoid ol revolution; 

The shape of the first curved reflecting surface is expressed by using a local coordinate system (x.y.z) for the first 
curved reflecting surface and letting coefficients representing the shape of a base zone of the first curved reflecting 
surface be denoted by a, b and t, wherein, putting 

35 A * (a+b)(y 2 cos 2 t+x 2 ) 

B = 2abcost[1+{(b-a)ysint/(2ab)} + {1+{(b-a)ysint/(ab)J - {y 2 /(ab)J - {4abcos 2 t+(a+b) 2 sin 2 t}x 2 /(4a 2 b 2 cos 2 t)} 1/2 ] 

and defining 

40 

2 = Am+C 02 y 2 +C 20 x 2 +C 03 y 3 +C 21 x 2 y+C 04 y 4 +C 22 x 2 y 2 +C4 0 x 4 

the following conditions are satisfied: 
45 ab > 0 

0.9 < V|9| < 1.5 
0.9 < a/d < 2.0 

50 

0.9 < b/d < 2.0 

where 9 is an angle of inclination of the first curved reflecting surface with respect to the reference axis and d is the 
distance between the center of the stop and the first curved reflecting surface as measured along the reference 
55 axis; 

All design parameters are so determined that an entrance pupil of the reflecting type optical system is located 
nearer to an object side than the first reflecting surface, when counted from the object side, of the optical element; 
In the optical element, an entering reference axis and an exiting reference axis are 
orthogonal to each other; and 
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The curved reflecting surfaces constituting the optical element each are. of a form having only one plane of symme- 
try. 

Brief Description of the Drawings: 

5 

Fig. 1 is a diagram of geometry to explain a coordinate system in embodiments of the invention. 
Fig. 2 is a sectional view in the YZ plane of an embodiment 1 of the optical system according to the invention. 
Fig. 3 is similar to Fig. 2 except that the path of the pupil light rays is shown. 
Fig. 4 shows graphs of lateral aberrations of the embodiment 1 . 
w Fig. 5 is a sectional view in the YZ plane of an embodiment 2 of the optical system according to the invention. 
Fig. 6 shows graphs of lateral aberrations of the embodiment 2. 

Fig. 7 is a sectional view in the YZ plane of an embodiment 3 of the optical system according to the invention. 
Fig. 8 shows graphs of lateral aberrations of the embodiment 3. 

Fig. 9 is a sectional view in the YZ plane of an embodiment 4 of the optical system according to the invention. 
15 Fig. 1 0 shows graphs of lateral aberrations of the embodiment 1 . 

Figs. 1 1a and 1 1b are a sectional view in the YZ plane and a side elevation view of an embodiment 5 of the optical 
system according to the invention. 

Fig. 12 is a perspective view of the embodiment 5. 

Fig. 13 shows graphs of lateral aberrations of the embodiment 5. 
20 Fig. 1 4 is a sectional view in the YZ plane of an embodiment 6 of the optical system according to the invention. 

Fig. 15 shows graphs of lateral aberrations of the embodiment 6. 

Fig. 16 is a sectional view in the YZ plane of an embodiment 7 of the optical system according to the invention. 
Fig. 17 shows graphs of lateral aberrations of the embodiment 7. 

Fig. 18 is a sectional view in the YZ plane of an embodiment 8 of the optical system according to the invention. 
25 Fig. 19 shows graphs of lateral aberrations of the embodiment 8. 

Fig. 20 is a sectional view in the YZ plane of an embodiment 9 of the optical system according to the invention. 
Fig. 21 shows graphs of lateral aberrations of the embodiment 9. 

Fig. 22 is a sectional view in the YZ plane of an embodiment 10 of the optical system according to the invention. 

Fig. 23 shows graphs of lateral aberrations of the embodiment 10. 
30 Fig. 24 is a diagram of the fundamental configuration of the Cassegrainian reflecting telescope. 

Fig. 25 is a diagram to explain a first method of avoiding the vignetting by putting the principal ray away from the 
optical axis in the mirror optical system. 

Fig. 26 is a diagram to explain a second method of avoiding the vignetting by putting the principal ray away from 
the optical axis in the mirror optical system. 
35 Fig. 27 is a diagram of an observing optical system using a prism having a curved reflecting surface. 

Fig. 28 is a diagram of another observing optical system using a prism having curved reflecting surfaces. 

In the drawings, reference character Ri denotes the surface except R1 represents the stop, reference character Di 
is the separation between adjacent two of the surfaces along the reference axis, and reference characters Ndi and vdi 
are respectively the refractive index and Abbe number. 

40 

Detailed Description of the Preferred Embodiments: 

Prior to the description of the embodiments, the expression of the various constitutional dimensions and the com- 
mon features of all the embodiments are described below. 
45 Fig. 1 is a diagram taken to explain a coordinate system by which to define the design parameters for the optical 
system of the invention. In the embodiments of the invention, as one ray of light (shown by dot-and-dash lines and 
referred to as the "reference axis" ray) travels from the object side to an image plane, the surfaces are numbered con- 
secutively along this ray and represented by Ri for the i-th surface. 

In Fig. 1 , the first surface R1 is a stop, the second surface R2 is a refracting surface coaxial to the first surface, the 
so third surface R3 is a reflecting surface tilted relatively to the second surface R2, the fourth surface R4 and the fifth sur- 
face R5 each are a reflecting surface shifted and tilted relatively to the respective preceding surface, and the sixth sur- 
face R6 is a refracting surface shifted and tilted relatively to the fifth surface R5. All of the second to sixth surfaces R2 
to R6 are formed on a substrate of glass, plastic or like medium to form a single optical element indicated by reference 
numeral 10. 

55 In the construction and arrangement of Fig. 1 , therefore, the medium from an object plane (not shown) to the sec- 
ond surface R2 is air, the space from the second to sixth surface R2 to R6 is a certain common medium, and the 
medium from the sixth surface R6 to a seventh surface R7 (not shown) is air. 
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Since the optical system of the invention is the decentering one, all the surfaces constituting the optical system 
have no common optical axis. Accordingly, for the embodiments of the invention, an absolute coordinate system is 
established with the original point at the center of a ray effective diameter of the first surface. 

Then, in the embodiments of the invention, the central point of a ray effective diameter of the first surface is 
5 assumed to be the original point, and the path of a ray of light passing the original point and the center of the last image 
forming plane (reference axis ray) is assumed to be a reference axis. Further, the reference axis has an orientation 
(direction). This orientation points to the direction in which the reference axis ray advances in forming an image. 

Though, in the embodiments of the invention, the reference axis on which the design of the optical system is based 
has been determined as described above, it is to be noted that choice of an axis for the reference of the optical system 
io may otherwise be made as is favorable for the design of optics, good compromise of aberrations, or the expression of 
the shapes of all the surfaces constituting the optical system. In the general case, however, as the reference axis, use 
is made of the optical path that intersects an image plane at the center thereof and one of the stop, the entrance pupil, 
the exit pupil and the first and last surfaces of the optical system at the center thereof. 

With this regard, in the embodiments of the invention, determination of the reference axis is made in the steps of 
is selecting a ray which crosses the first surface, that is, the stop plane, at the central point of the ray effective diameter 
thereof and is to arrive at the center of the last image forming plane (or the reference axis ray), tracing it across each 
refracting surface and by each reflecting surface, and adopting the found path as the reference axis. The numbering of 
each surface is determined in the order of succession of the refractions and reflections the reference axis ray under- 
goes. 

20 Therefore, each time the found surface number increases by one, the reference axis changes its orientation 
depending on the law of refraction or reflection, finally reaching the center of the image plane. 

In each embodiment of the invention, of the surfaces constituting the optical system, the tilted ones are fundamen- 
tally all obtained as the result of tilting in one and the same plane. Accordingly, the axes of the absolute coordinate sys- 
tem are defined as follows: 

25 

Z axis: the reference axis passing the original point and advancing to the second surface R2; 

Y axis: a line passing the original point and making an angle of 90° with respect to the Z axis as obtained by turning 

counterclockwise in the tilt plane (in the paper of the drawing of Fig. 1); and 

X axis: a line passing the original point and perpendicular to each of the Z and Y axes (the line normal to the paper 
30 of the drawing of Fig. 1). 

To express the shape of the i-th surface constituting part of the optical system, the absolute coordinate system is 
not suitable for the purpose of better understanding than using a local coordinate system whose original point is taken 
at the point of intersection of the reference axis with the i-th surface. In the specific embodiments of the invention, there- 

35 fore, the numerical data of the design parameters for the i-th surface are given by using the local coordinate system. 

As the i-th surface tilts in the YZ plane, the counterclockwise direction from the Z axis of the absolute coordinate 
system is taken as positive when the tilted angle 9i is measured (in units of degree (°).) In the embodiments of the inven- 
tion, therefore, the original point of the local coordinate system for each surface lies on the YZ plane in Fig. 1 . It should 
be also noted that there is no decentering in the XZ and XY planes. Further, in view of the absolute coordinate system 

40 (X.Y.Z), the local coordinate system (x ( y,z) for the i-th surface have its y and z axes inclined by 8i in the YZ plane. 
Accordingly, the axes of the local coordinate system are defined as follows: 

z axis: a line passing the original point of the local coordinates and making an angle ei with respect to the Z direc- 
tion of the absolute coordinate system as obtained by turning counterclockwise in the YZ plane; 
45 y axis: a line passing the original point of the local coordinates and making an angle of 90° with respect to the z 
axis as obtained by turning counterclockwise in the YZ plane; and 

x axis: a line passing the original point of the local coordinates and perpendicular to the YZ plane. 

Di is the scalar space between the original points of the local coordinates for the i-th and (i+1)st surfaces, and Ndi 
so and vdi are respectively the refractive index and Abbe number of the medium between the i-th and (i+1)st surfaces. 

Also, the embodiments of the optical systems of the invention are illustrated in the diagrams and given the numer- 
ical data. 

The optical system of each of the embodiments of the invention has a spheric surface and an aspheric surfaces 
which is rotationally asymmetric. Of these, the spheric ones are expressed as the spheres described by the radius of 
55 curvature Ri. The radius of curvature Ri is given minus sign when the center of curvature lies on the first surface side 
in the reference axis (the dot-and-dash lines in Fig. 1) oriented from the first surface to the image plane, or plus sign 
when on the image plane side. 

The shape of the sphere is expressed by the following equation: 
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-(x 2 + y 2 )/Ri 2 } 1/2 

5 Also, as the optical system of the invention employs at least one aspheric surface which is rotationally asymmetric, 
the shape of this aspheric surface is expressed by the following equation: 

z = A/&fC 02 y 2 +C2oX 2 +C 03 y 3 +C 21 x 2 y+Co4y 4 +C22X 2 y 2 +C4oX 4 

w where 

A = (a+b)(y 2 cos 2 t+x 2 ) 

B = 2abcost[1+{(b-a)ysint/(2ab)} + {1+{(b-a)ysint/(ab)} - {y 2 /(ab)J - {4abcos 2 t+(a+b) 2 sin 2 t}x 2 /(4a 2 b 2 cos 2 t} 1/2 ] 

15 

Since the surface equation described above contains only the terms of even number orders in respect to x. the sur- 
face defined by such an equation takes the YZ plane as a plane of symmetry so it has the shape of symmetry with 
respect to plane. Further, in a case where the following conditions are satisfied, 

20 C 03 = C 21 =0,t = 0 

its shape is symmetrical with respect to the XZ plane. Further, in a case where the following conditions are satisfied, 

C 02 = ^20- C<M = C 40 = C 22 /2 

25 

its shape is of rotational symmetry. In a case where the foregoing conditions are not satisfied, its shape is of rotational 
asymmetry. 

It should be noted that, in all the embodiments of the invention, M C 02 ■ C 20 ■ 0" is satisfied. So, the shape is 
obtained by adding the higher order asymmetric asphere to the basic form of the second order sphere. 

30 In each embodiment of the invention, as shown in Fig. 1 , the first surface is the stop. Also, the term "horizontal half- 
angle of view u Y " used herein means the maximum angle of view of the light beam entering the stop R1 in the YZ plane, 
and the term "vertical half-angle of view u x " means the maximum angle of view entering the stop in the XZ plane. Also, 
the diameter of the first surface or the stop is shown as the aperture diameter. This correlates to the speed of the optical 
system. It should be noted that since the entrance pupil is in the first surface, the aperture diameter described above is 

35 equal to the entrance pupil diameter. 

Also, the effective image area on the image plane is shown as the image size. The image size is represented by a 
rectangular area in which the size in the y direction is a horizontal one and the size in the x direction is a vertical one. 

Further, the size of the optical system is shown in each of the embodiments. The optical system size is determined 
by the effective diameter of the light beam. 

40 Also, as far as the embodiment which has the data of the design parameters cited therein is concerned, its lateral 
aberrations are shown by graphic representations. These graphs are depicted in every such embodiment by tracing the 
rays of light whose angles of incidence have the values (u Y , ux), (0, ux). (-u Y , ux), (u Y . 0), (0,0) and (-u Y , 0) in the coor- 
dinates of the horizontal and vertical angles of incidence on the stop R1 . In the graphs of the lateral aberrations, the 
abscissa represents the height of incidence on the pupil and the ordinate represents the amount of aberration. In each 

45 of the embodiments, basically every surface has the form of plane symmetry with the yz plane made to be the plane of 
symmetry. Therefore, even in the graphs of the lateral aberrations, the plus and minus directions of the vertical angle of 
view become the same. For the simplicity of representation, the graphs of the lateral aberrations of the minus direction 
are omitted. 

Next, each of the embodiments is described in detail below. 

50 

(Embodiment 1) 

Figs. 2 and 3 are sectional views in the YZ plane of a first embodiment of the optical system according to the inven- 
tion. This embodiment is a photographic optical system whose horizontal angle of view is 52.6 degrees and whose ver- 
55 tical angle of view is 40.6 degrees. The optical path is even shown in Fig. 2. Fig. 3 shows the optical path of the pupil 
ray (off-axial principal ray). The numerical values of the parameters of the present embodiment are listed below: 

Horizontal Half-Angle of View: 26.3° 

Vertical HaH-Angle of View: 20.3° Aperture Diameter: 2.0 mm 
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Image Size: Horizontal 4 mm x Vertical 3 mm 
Optical System Size: (XxYxZ) = 10.4 x 27.4 x 21 .2 
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30 

In Fig. 2, an optical element 10 has a plurality of curved reflecting surfaces and is made up from a glass or like 
transparent body. The external surface of the optical element 10 is constructed, as comprising, in order of passage of 
the ray from an object, a refracting surface R2 (entrance surface) having a negative refractive power in concave form 

35 toward the object side, four reflecting surfaces, namely, a concave mirror R3 for giving convergence to the ray, a reflect- 
ing surface R4, a reflecting surface R5 and a concave mirror R6, and a refracting surface R7 (exit surface) having a pos- 
itive refractive power in convex form toward the image side. A stop R1 (entrance pupil) is located on the object side of 
the optical element 10. A quartz low-pass filter, infrared cut filter or like optical correction plate 3 is located in front of a 
last image plane R10 which is coincident with the image sensing surface of a CCD or like image pickup element (or 

40 recording medium). A reference axis of the photographic optical system is indicated by reference numeral 5. 

It is to be noted that the two refracting surfaces R2 and R7 each are of rotational symmetry, or a sphere, and ail the 
reflecting surfaces R3 to R6 are symmetrical with respect to the YZ plane only. 

Next, the image forming function in this embodiment is described. A light beam 1 coming from the object, after its 
amount of incidence is restricted by the stop R1 , enters the optical element 10 at the entrance surface R2, in which it is 

45 reflected from the surfaces R3 and R4 and once forms an image in the neighborhood of the surface R4. The light beam 
1 from the image is then reflected from the surfaces R5 and R6 in succession, then exits from the exit surface R7, then 
passes through the optical correction plate 3 and then forms an image again on the last image plane R10. It is noted 
that the object light beam forms the intermediate image in the neighborhood of the surface R4 and the pupil rays forms 
an intermediate image in a space between the surfaces R5 and R6. 

so In the present embodiment, the direction of the reference axis entering the optical element 1 0 and the direction of 
the reference axis exiting therefrom are parallel to each other and are the same direction. Also, the whole of the refer- 
ence axis including entering and exiting lies in the paper of the drawing (YZ plane). 

In such a manner, the optical element 10, owing to the refractive powers by the entrance and exit surfaces and to 
the refractive powers in the interior thereof by the plurality of curved reflecting mirrors, functions as a lens unit having 

55 desired optical performance with the overall refractive power being positive. 

In the present embodiment, focusing to a close object is performed by moving the whole optical system relative to 
the image sensing surface R10 of the image pickup element. Particularly in the present embodiment, because the 
direction of the reference axis entering the optical element 10 and the direction of the reference axis exiting from the 
optical element 10 are parallel to each other and are the same direction, the whole optical system can be moved in par- 
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allel to the direction of the exiting reference axis (Z axis direction). Thus, the focusing operation can be carried out like- 
wise as in the conventional lens system. 

Also, the lateral aberrations of the optical system of the present embodiment are shown in Fig. 4. It is found that, in 
the present embodiment, good balance of aberration correction is obtained. 

5 The advantages of the present embodiment are described below. 

In the case of the present embodiment where the entrance pupil is located in the neighborhood of the first surface 
R2 of the optical element 10, particularly the fact that the first curved reflecting surface R3, when counted from the 
object side, is given the converging action, contributes to a reduction of the size of the optical system. In more detail, 
the pupil ray (principal ray) is caused to form the intermediate image in the stage near to the entrance surface, thereby 

w further reducing the thickness of the optical system. After having exited from the stop R1 and before expanding largely, 
the off-axial principal ray is made to converge. With this, when to increase the angle of view of the optical system, the 
increase of the effective diameters of the first reflecting surface R3 and those that follow is suppressed. 

In particular, as shown in Fig. 3, the first reflecting surface R3 is made to be an ellipsoid of revolution with a focus 
at an apparent stop center 6' (entrance pupil to the surface R3) as viewed from that reflecting surface and another focus 

15 at a virtual point 8* on the yz plane having contained therein the zigzagging reference axis of the interior of the optical 
system. Therefore, the off-axial principal ray can be focused at an internal point 8 with almost no aberrations. By this, 
thinning of the optical element 10 can be achieved and, at the same time, the off-axial aberrations are suppressed in 
the initial stage. 

In this connection, it is desirable that the parameters 'a*, 'b* and Y that represent the shape of the base zone of the 
20 first reflecting surface R3 satisfy the following conditions: 

ab>0 (1) 

0.9 < V|e| < 1.5 (2) 

0.9 < |a|/d < 2.0 (3) 

0.9 < |b|/d < 2.0 (4) 

30 where d is the distance from the center of the stop to the first reflecting surface R3 as measured along the reference 
axis. 

The inequality of condition (1) is to determine the aspect of the shape of the base zone. In the case of its value 
being positive, an ellipsoid of revolution results with the two focuses in the yz plane. Light issuing from one focus can 
form a real image at the other focus with almost no aberrations. The values of the a, b and t determine the positions of 
35 the two focuses of the ellipsoid. 

The inequalities of condition (2) are to insure that one of the focuses becomes the entrance pupil 6' for the first 
reflecting surface R3 as viewed from this surface. When either of the upper and lower limits of the condition (2) is vio- 
lated, the one focus fails to ride on the reference axis with the result that the off-axial rays do not form an image at the 
internal point, or, even if the image can be formed, the produced amount of aberrations increases largely. So, it is not 
40 preferable. 

The inequalities of condition (3) are to the same purpose. When the upper or lower limit is violated, the distance 
between the first reflecting surface R3 and the focus differs largely from the distance from the first reflecting surface R3 
to the entrance pupil 6' for this surface. Still it results that the off-axial rays do not form an image at the internal point, or 
even if the image is formed, large aberrations are produced. So, it should be avoided. 

45 The inequalities of condition (4) are to make good compromise between the thinning of the optical system and the 
aberration correction. The d is considered to be the width of the optical system. As compared with this, the position of 
the intermediate image point is regulated. When the upper limit is exceeded, as this means that the first reflecting sur- 
face R3 has its focus at too long a distance on the exit side, the off-axial light beam hardly converges. So, in the case 
of increasing the angle of view of the optical system, such expanding of the off-axial light beam causes the size of the 

50 optical system to increase objectionably. Conversely when the lower limit is exceeded, as this means that the refractive 
power of the first reflecting surface is too strong, aberrations are produced particularly at the off-axis. 

The foregoing is the explanation of the conditions for the shape of the first reflecting surface R3 that is the ellipsoid 
of revolution. 

In the present embodiment, the entrance surface R2 and the exit surface R7 of the optical system 10 have refractive 
55 powers (optical powers). In the present embodiment, the entrance surface R2 is made to be a concentric concave sur- 
face with the off-axial principal ray, thereby reducing the various off -axial aberrations. Also, the exit surface R7 is formed 
to a convex shape toward the image side, thereby preventing the back focal distance from becoming too long. On the 
other hand, if the entrance surface R2 is made convex toward the object side, the off-axial rays converges in crossing 
this surface. Therefore, the first reflecting surface R3 can be prevented from increasing in its size. 
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Also, the shape of the exit surface R7 is determined so that the off-axial principal ray (pupil ray) to this surface is to 
exit therefrom (to the image side) in almost parallel, regardless of the angle of incidence, that is, to be telecentric. This 
produces an advantage when the image pickup element such as CCD is used. In this case, there is a gap between the 
color filter of the CCD and the light receiving surface. Therefore, the color separation would otherwise vary with variation 
5 of the angle of incidence on the image pickup element. As the optical system is made telecentric to the image side, the 
principal rays of the on-axial and off-axial light beams both become almost parallel to the optical axis. Therefore, the 
angle of incidence on the CCD becomes almost constant over the entire area of the light receiving surface. 

Further, in the present embodiment, each of the reflecting surfaces is a surface which has only one plane of sym- 
metry. The shapes of the entrance and exit surfaces, on the other hand, are rotationally symmetric with respect to the 
10 reference axis. This is for the purpose of accurately measuring the reference axis when to manufacture and test the 
optical system. Also, by making the refracting surface to be rotationally symmetric, the amount of produced asymmetric 
chromatic aberrations can be reduced. 

The present embodiment produces the following additional advantages: 
In the conventional optical system shown in Fig. 28, the reflecting surfaces of the entrance and exit sides have 
is refractive powers, but the reflections therebetween play the only role of merely guiding the light beam, or the so-called 
light guide. In the present embodiment, on the other hand, at least three reflecting surfaces having refractive powers 
are formed in a unit, thereby producing the function of folding the optical axis and the function of correcting aberrations 
at once. Thus, a photographic optical system of compact form with a large flexibility of the shape and good performance 
can be obtained. 

20 In the present embodiment, the object light rays and the pupil light rays form intermediate images at the positions 
7 and 8, respectively. In such a manner, in the present embodiment, the object and pupil light rays are made to form the 
intermediate images in the nearer stage to the entrance surface than with the conventional photographic optical system, 
thereby suppressing the size of each surface of which the effective area is determined by the object light rays and the 
pupil light rays on the image side of the stop R1 . Thus, the invention has succeeded in minimizing the size of the cross- 

25 section of the optical system. 

Further, in the present embodiment, the reference axis 5 that is zigzagging in the interior of the optical system is 
contained in one and the same plane, that is. in the paper of the drawing of Fig. 2. By this, along with the formation of 
the intermediate images of the object light rays and pupil light rays within the element, the size in the direction (X direc- 
tion) perpendicular to the paper of the drawing is minimized. 

30 The reflecting surfaces constituting the optical system each have its normal line at the point of intersection of the 
entering and exiting reference axis to be out of coincidence with the direction of the reference axis, or are the so-called 
decentering reflecting surface. This is for the purpose of preventing the vignetting effect from being produced as in the 
conventional mirror optical system. At the same time, a free configuration can be adopted. So, an optical element of 
good space efficiency, compact form and free shape can be made up. 

35 Further, the shape of each of the reflecting surfaces has different radii of curvature in the orthogonal two planes (yz 
plane and xz plane). This is for the purpose of suppressing the decentering aberrations produced by the decentering 
arrangement of each reflecting surface. Further, this reflecting surface is made asymmetric, thereby well correcting var- 
ious aberrations. A desired optical performed is thus achieved. 

Also, in the present embodiment, the stop R1 is arranged just in front of the entrance surface R2. In the case of the 

40 conventional optical system, the stop (entrance pupil) is often arranged in the interior of the optical system, producing 
a problem that the longer the separation from the stop to the entrance surface at the most front as viewed from the stop, 
the higher the rate at which the ray effective diameter of the entrance surface increases with increase of the angle of 
view. In the present embodiment, by arranging the stop R1 on the object side of the photographic optical system (on the 
light beam entering side of the optical system), the increase of the size of the photographic optical system resulting from 

45 the increase of the angle of view of the optical system is suppressed to a minimum. 

As is characteristic of the reflecting type optical system, the directions of the entering reference axis and the exiting 
reference axis can be changed in various ways by selecting the combinations of the configurations of all the reflecting 
surfaces. 

so (Embodiment 2) 

Fig. 5 is a sectional view in the YZ plane of a second embodiment of the optical system according to the invention. 
The present embodiment is a photographic optical system of 63.4 degrees in the horizontal angle of view and 49.6 
degrees in the vertical angle of view. Fig, 5 even shows the optical path. The data of the design parameters of the 
55 present embodiment are as follows: 

Horizontal Half-Angle of View: 31 .7° 
Vertical Half-Angle of View: 24.8° 
Aperture Diameter: 2.0 mm 
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Image Size: Horizontal 4 mm x Vertical 3 mm 
Optical System Size: (XxYxZ) = 9.0 x 26.3 x 15.2 
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In Fig. 5, an optical element 1 0 has a plurality of curved reflecting surfaces and is made from a glass or like trans- 
parent body. The external surface of the optical element 1 0 is made up, as comprising, in order of passage of light from 
an object, a refracting surface R2 (entrance surface) having a negative refractive power in concave form toward the 
AO object side, five reflecting surfaces, namely, a concave mirror R3 for giving convergence to the light rays, a convex mir- 
ror R4 for giving divergence, a concave mirror R5 for giving convergence, a reflecting surface R6 for giving convergence 
and a concave mirror R7, and a refracting surface R8 (exit surface) having a positive refractive power in convex form 
toward the image side. A stop R1 is located on the object side of the optical element 10. A last image plane R9 is coin- 
cident with the image sensing surface of a CCD or like image pickup element A reference axis of the photographic opti- 
45 cal system is indicated by reference numeral 5. 

It is to be noted that the two refracting surfaces each are rotationally symmetrical or a sphere, and all the reflecting 
surfaces are symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function described below. A light beam 1 coming from the object passes 
through the stop R1 , by which the light intensity is regulated, then enters the optical element 10 at the entrance surface 
50 R2, is then reflected from the surface R3. then once forms an image in the space between the surfaces R3 and R4, is 
then reflected from the surfaces R4, R5, R6 and R7 in succession, then exits from the exit surface R8, and then forms 
an image again on the last image plane R9. 

Owing to such refractive powers by the entrance and exit surfaces and to such refractive powers in the internal 
space therebetween by the plurality of curved reflecting mirrors, the optical element 10 functions as a lens unit having 
55 a desired optical performance with the overall refractive power being positive. 

In the present embodiment, the direction of the reference axis entering the optical element 10 and the direction of 
the reference axis exiting therefrom are parallel to each other and are opposite to each other. Also, the whole of the ref- 
erence axis including entering and exiting ties in the paper of the drawing (YZ plane). 
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In the present embodiment, focusing to a close object is performed by moving the whole optical system relative to 
the image receiving surface R10 of the image pickup element. Particularly in the present embodiment, because the 
direction of the reference axis entering the optical element 10 and the direction of the reference axis exiting from the 
optical element 1 0 are parallel, the whole optical system can be moved in parallel to the direction of the exiting reference 
5 axis (Z axis direction), so that the focusing operation is carried out likewise as in the conventional lens system. 

Also, the lateral aberrations of the optical system of the present embodiment are shown in Fig. 6. 

The present embodiment produces similar advantages to those of the embodiment 1 . 

Besides these, in the present embodiment, because the entrance and exit surfaces for the optical element 10 are 
arranged on one side thereof, it is possible to make up an optical system of reduced width in the X direction with the 
10 total length in the direction of the Z axis (+) being minimized. 

Since the present embodiment is constructed with one more reflecting surface than in the embodiment 1 for the 
purpose of reversing the direction of the reference axis ray, determination of the refractive powers for all the surfaces 
and distribution of the capability of correcting asymmetric aberrations over the reflecting surfaces are made more suit- 
able. It is thus possible to achieve improvements of the imaging performance and even more an increase of the angle 
is of view. 

(Embodiment 3) 

Fig. 7 is a sectional view in the YZ plane of a third embodiment of the optical system according to the invention. The 
20 present embodiment is a photographic optical system of 40.0 degrees in the horizontal angle of view and 52.0 degrees 
in the vertical angle of view. Fig. 7 even shows the optical path. The data of the design parameters of the present 
embodiment are shown below. 

Horizontal Half-Angle of View: 20.0° 
25 Vertical Half-Angle of View: 26.0° 

Aperture Diameter: 2.5 mm # 
Image Size: Horizontal 3 mm x Vertical 4 mm 
Optical System Size: (XxYxZ) = 12.0 x 32.7 x 12.9 
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55 

In Fig. 7, an optical element 1 0 has a plurality of curved reflecting surfaces and is made from a glass or like trans- 
parent body. The external surface of the optical element 10 is made up, as comprising, in order of passage of light from 
an object, a convex refracting surface R2 (entrance surface) having a positive refractive power, six reflecting surfaces, 
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namely, a concave mirror R3, a convex mirror R4, a concave mirror R5, a reflecting surface R6, a concave mirror R7 
and a convex mirror R8, and a convex refracting surface R9 (exit surface) having a positive refractive power. A stop R1 
(entrance pupil) is located on the object side of the optical element 10. A last image plane R10 is coincident with the 
image sensing surface of a CCD or like image pickup element, A reference axis of the photographic optical system is 
5 indicated by reference numeral 5. 

It is to be noted that the two refracting surfaces each are rotationally symmetrical or a sphere, and all the reflecting 
surfaces are symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function described below. A light beam 1 coming from the object passes 
through the stop R1 , by which the light intensity is regulated, then enters the optical element 10 at the entrance surface 
10 R2, is then reflected from the surface R3. then once forms an image in the space between the surfaces R3 and R4. is 
then reflected from the surfaces R4, R5. R6, R7 and R8 in succession, then exits from the exit surface R9, and then 
forms an image again on the last image plane R10. 

Owing to such refractive powers by the entrance and exit surfaces and to such refractive powers in the internal 
space therebetween by the plurality of curved reflecting mirrors, the optical element 10 functions as a lens unit having 
is a desired optical performance with the overall refractive power being positive. 

The lateral aberrations of the present embodiment are shown in Fig. 8. 

In the present embodiment, the direction of the reference axis entering the optical element 10 and the direction of 
the reference axis exiting therefrom are orthogonal to each other. Also, all the whole of the reference axis including 
entering and exiting lies in the paper of the drawing (YZ plane). 
20 With the use of such construction and arrangement, it becomes possible to collect the space the back focal dis- 
tance of the optical system occupies and the width of the package and circuit of the CCD or like image pickup element 
to the Y direction. Therefore, a thinning of the size in the X direction and also a thinning of the size in the Z direction 
shown by D in Fig. 7 can be achieved. 

25 (Embodiment 4) 

Fig. 9 is a sectional view in the YZ plane of a fourth embodiment of the optical system according to the invention. 
The present embodiment is a photographic optical system of 63.4 degrees in the horizontal angle of view and 49.6 
degrees in the vertical angle of view. Fig. 9 even shows the optical path. The data of the design parameters of the 
30 present embodiment are shown below. 

Horizontal Half-Angle of View: 31.7° 
Vertical Half-Angle of View: 24.8° 
Aperture Diameter: 2.0 mm 
35 Image Size: Horizontal 4 mm x Vertical 3 mm 

Optical System Size: (XxYxZ) = 8.4 x 24.5 x 12.3 
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45 

In Fig. 9, an optical element 10 has a plurality of curved reflecting surfaces and is made from a glass or like trans- 
parent body. The external surface of the optical element 10 is made up, as comprising, in order of passage of light from 
an object, a concave refracting surface R2 (entrance surface) having a negative refractive power, four reflecting sur- 
faces, namely, a concave mirror R3, a convex mirror R4, a concave mirror R5 and a reflecting surface R6, and a convex 

so refracting surface R7 (exit surface) having a positive refractive power. A stop R1 (entrance pupil) is located on the object 
side of the optical element 10. A last image plane R8 is coincident with the image sensing surface of a CCD or like 
image pickup element. A reference axis of the photographic optical system is indicated by reference numeral 5. 

It is to be noted that the two refracting surfaces each are rotationally symmetrical or a sphere, and all the reflecting 
surfaces are symmetrical with respect to the YZ plane only. 

55 This embodiment has an image forming function described below. A light beam 1 coming from the otyect passes 
through the stop R1 , by which the light intensity is regulated, then enters the optical element 10 at the entrance surface 
R2, is then reflected from the surface R3, then once forms an image in the space between the surfaces R3 and R4, is 
then reflected from the surfaces R4, R5 and R6 in succession, then exits from the exit surface R7, and then forms an 
image again on the last image plane R8. 
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Owing to such refractive powers by the entrance and exit surfaces and to such refractive powers in the internal 
space therebetween by the plurality of curved reflecting mirrors, the optical element 10 functions as a lens unit having 
a desired optical performance with the overall refractive power being positive. 
The lateral aberrations of the present embodiment are shown in Fig. 1 0. 
5 In the present embodiment, the reference axis entering the optical element 10 makes an angle of 45° with the ref- 
erence axis exiting therefrom. This is an example of the exiting reference axis which does not become parallel with, or 
perpendicular to, the entering reference axis, because the reference axis is so folded as to minimize the angle of inci- 
dence on each reflecting surface and as to avoid interference of the light rays at each surface. 

Even in this case, to maintain a thinning of the size in the X direction of the entire optical system to be achieved, 
w the whole of the reference axis including entering and exiting lies in one and the same plane (YZ plane). 

(Embodiment 5) 

Figs. 1 1 A and 11 B are a sectional view in the XY plane and a side elevation view of a fifth embodiment of the optical 
is system according to the invention. Fig. 12 is a perspective view of the fifth embodiment, and shows the optical path, too. 

The present embodiment is a photographic optical system of 56.8 degrees in the horizontal angle of view and 44 

degrees in the vertical angle of view. 

As far as the present embodiment is concerned, there are two ways of tilting each surface, one of which is in the 

XZ plane and the other in the XY plane. Accordingly, the local coordinate system should otherwise be defined. The 
20 angle to which the i-th surface is first tilted in the XZ plane is expressed by (|>i (in units of degree) with the clockwise 

direction as viewed from the plus direction of the Y axis being taken as positive, and then in the XY plane by 6i (in units 

of degree) with the counterclockwise direction as viewed from the plus direction of the Z axis being taken as positive. 

For the axes of the local coordinates (x,y,z) for the i-th surface to define in relation to the absolute coordinate system 

(X.Y.Z), suppose the local coordinate system is first moved till its original point coincides with a point (Xi.Yi.Zi), then 
25 turned in the XZ plane to the angle <f>i and, at last, turned in the XY plane to the angle 6i, the following settings are thus 

obtained: 

The original point: (Xi.Yi.Zi) 

30 z: the direction obtained by turning in the XZ plane to the angle with the axial direction of the first surface or Z 
direction and in the XY plane to the angle 0i; 
y: the direction making counterclockwise 90° with the z direction in the YZ plane; and 
x: the direction perpendicular to the YZ plane with the original point at the vertex of the reflecting surface. 

35 The data of the design parameters of the present embodiment are shown below. 

Horizontal Half-Angle of View: 28.4° 
Vertical Half-Angle of View: 22.0° 
Aperture Diameter: 2.0 mm 
40 Image Size: Horizontal 4 mm x Vertical 3 mm 

Optical System Size: (XxYxZ)= 12.6 x 28.5 x 10.6 
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In Figs. 1 1 A and 1 1 B, an optical element 10 has a plurality of curved reflecting surfaces and is made from a glass 
or like transparent body. The external surface of the optical element 10 is made up, as comprising, in order of passage 
of light from an object, a convex refracting surface R2 (entrance surface) having a positive refractive power, six reflect- 

40 ing surfaces, namely, a flat reflecting plane R3, a concave mirror R4, a convex mirror R5, a concave mirror R6, a reflect- 
ing surface R7 and a concave mirror R8, and a convex refracting surface R7 (exit surface) having a positive refractive 
power. A stop R1 (entrance pupil) is located on the object side of the optical element 1 0. A last image plane R8 is coin- 
cident with the image sensing surface of a CCD or lite image pickup element. A reference axis of the photographic opti- 
cal system is indicated by reference numeral 5. 

45 It is to be noted that the two refracting surfaces each are rotationally symmetrical or a sphere, and all the reflecting 
surfaces are symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function described below. A light beam 1 from the object comes in the Z (- 
) direction and passes through the stop R1 (entrance pupil), by which the light intensity is regulated, then enters the 
optical element 10 at the entrance surface R2 to receive convergence, is then reflected from the surface R3 to deflect 

50 in the Z(-) direction, then reflected from the reflecting surface R4 to once form an image, is then reflected from the sur- 
faces R5, R6, R7 and R8 in succession, then exits from the exit surface R7 in the X(+) direction, and then forms an 
image again on the last image plane R1 0. 

The object light rays form an intermediate image in the space between the surfaces R4 and R5, and the pupil light 
rays form an intermediate image in the space between the surfaces R6 and R7. 

55 Owing to such refractive powers by the entrance and exit surfaces and to such refractive powers in the internal 
space therebetween by the plurality of curved reflecting mirrors, the optical element 10 functions as a lens unit having 
a desired optical performance with the overall refractive power being positive. 
The lateral aberrations of the present embodiment are shown in Fig. 13. 
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In the case of the present embodiment, the entrance surface R2 of the optical element 1 0 is made to have a rela- 
tively strong positive refractive power, thereby condensing the on-axial and off-axial light beams. The flat reflecting sur- 
face R3 is thus prevented from increasing in the size. This leads to achieve a further thinning of the whole optical 
system. 

5 In the present embodiment, the reference axis ray of the reflecting surface R3 and those that follow is made to zig- 
zag in a plane (XY plane) perpendicular to the entering reference axis (Z axis). (80% or so of the length of the reference 
axis in the optical element 10 is laid in the XY plane.) 

In the preceding embodiments, the whole reference axes including the entering reference axis and the exiting ref- 
erence axis are contained in a certain plane (YZ plane). From the point of view of the layout of the photographic optical 

w system, it is desirable in some cases that the entering reference axis is not in parallel with that plane. So, in the case of 
the present embodiment, the thinning is possible in the perpendicular direction (in this instance, the Z axis direction) to 
the plane in which the zigzagged reference axis of the interior of the optical system is contained likewise as in the other 
embodiments. Because of this, a photographic optical system of reduced thickness in the shooting direction can be 
formed. So. the degree of freedom for incorporating the optical system into the camera or the like is further increased. 

is Though, in the present embodiment, the entering reference axis is arranged perpendicularly to the plane in which 
most of the reference axis of the interior of the optical element falls, the exiting reference axis may be made perpendic- 
ular instead. For this purpose, a flat reflecting surface is arranged just in front of the exit surface. In this case, not only 
the thinning is achieved in the perpendicular direction to the plane of most of the reference axis, but also a degree of 
freedom is born on the layout of the image pickup element. 

20 Further, it is also possible to arrange both of the entering and exiting reference axes perpendicularly to the plane 
in which most of the reference axis falls. While taking the free layout, a similar focusing operation to that in the conven- 
tional lens system can be carried out, since the entering and exiting optical axes are parallel to each other. 

(Embodiment 6) 

25 

Fig. 14 is a sectional view in the YZ plane of a sixth embodiment of the optical system according to the invention. 
The present embodiment is a photographic optical system of 52.0 degrees in the horizontal angle of view and 40.0 
deg rees j n the vertical angle of view. Fig. 14 even shows the optical path. The foregoing embodiments all have 
employed a type of optical elements in which the refracting and reflecting surfaces are formed on the external surface 
30 of the transparent body. A plurality of reflecting surfaces may otherwise be made up in the interior of a block of hollow 
core in the form of external surface mirrors. The present embodiment employs this type of optical element as obtained 
by providing the hollow interior of a block with mirror surfaces. The data of the design parameters of the present embod- 
iment are as follows: 

35 Horizontal Half-Angle of View: 26.0° 
Vertical Half-Angle of View: 20.0° 
Aperture Diameter: 2.0 mm 
Image Size: Horizontal 4 mm x Vertical 3 mm 
Optical System Size: (XxYxZ) = 1 1 .4 x 32.5 x 1 4.2 
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In Fig. 14, a block 60 of hollow core (optical element) has a plurality of curved reflecting surfaces formed in the inte- 
rior thereof. The internal surface of the optical element 60 is made up, as comprising, in order of passage of light from 

45 an object, four reflecting surfaces, namely, a concave mirror R2, reflecting surfaces R3 and R4 and a concave mirror 
R5. A stop R1 (entrance pupil) is located on the object side of the optical element 60. A last image plane R6 is coinci- 
dent with the image sensing surface of a CCD or like image pickup element. A reference axis of the photographic optical 
system is indicated by reference numeral 5. The whole of the reference axis lies in the paper of the drawing (YZ plane). 
It is to be noted that all the reflecting surfaces are symmetrical with respect to the YZ plane only 

so This embodiment has an image forming function described below. A light beam 1 coming from the object passes 
through the stop R1 (entrance pupil), by which the light intensity is regulated, then enters the optical element 60, is then 
reflected from the surface R2, then once forms an image in the neighborhood of the surface R3, is then reflected from 
the surfaces R3, R4 and R5 in succession, then exits from the optical element 60 and then forms an image again on 
the last image plane R6. 

55 The object light rays form an intermediate image in the space between the surfaces R2 and R3, and re-form an 
image in contracted scale on the last image plane R6. The pupil light rays form an intermediate image in the neighbor- 
hood of the surface R3. 

Owing to such refractive powers in its interior by the plurality of curvature-imparted reflecting mirrors, the optical 
element 60 functions as a lens unit having a desired optical performance with the overall refractive power being positive. 
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The lateral aberrations of the present embodiment are shown in Fig. 15. 

In the present embodiment, use is made of only the surface reflecting mirrors and, because of the absence of 
refracting surfaces, there is a merit that no chromatic aberrations are produced. In the case of using the surface reflect- 
ing mirrors as in the present embodiment, for the purpose of avoiding production of errors of the relative positions of the 
5 surfaces to one another, it is preferred to form all the reflecting surface in unison. 

(Embodiment 7) 

Fig. 1 6 is a sectional view in the YZ plane of a seventh embodiment of the optical system according to the invention. 
10 The present embodiment is a photographic optical system of 52.0 degrees in the horizontal angle of view and 40.0 
degrees in the vertical angle of view. Rg. 16 even shows the optical path. This embodiment is an example of construc- 
tion of an optical system by a block of hollow core having formed therein a plurality of external surface reflecting mirrors 
and two refracting lenses. 

The data of the design parameters of the present embodiment are as follows: 

15 

Horizontal Half-Angle of View: 26.0° 
Vertical Half-Angle of View: 20.0° 
Aperture Diameter: 2.5 mm 
Image Size: Horizontal 4 mm x Vertical 3 mm 
20 Optical System Size: (XxYxZ) = 1 1 .2 x 40.9 x 1 7.5 
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In Fig. 16, a block 60 of hollow core (optical element) has a plurality of curved reflecting surfaces formed in the inte- 
rior thereof. Two positive lenses 71 and 72 (refracting optical systems) are located at the entrance and exit of the optical 
element 60, respectively. The internal surface of the optical element 60 is made up, as comprising, in order of passage 
35 of light from an object, four reflecting surfaces, namely, a concave mirror R4, a convex mirror R5. a concave mirror R6 
and a reflecting surface R7. A stop R1 (entrance pupil) is located on the object side of the positive lens 71 . A last image 
plane R10 is coincident with the image sensing surface of a CCD or like image pickup element. A reference axis of the 
photographic optical system is indicated by reference numeral 5. The whole of the reference axis ties in the paper of the 
drawing (YZ plane). 

40 It is to be noted that the optical element 60 and the positive lenses 71 and 72 constitute part of an optical system 

70. 

This embodiment has an image forming function described below. A light beam 1 coming from the object passes 
through the stop R1 (entrance pupil), by which the light intensity is regulated, then refracts in crossing the refracting sur- 
faces R2 and R3 of the positive lens 71 to converge, then enters the optical element 60, is then reflected from the sur- 

45 face R4, then once forms an image in the neighborhood of the reflecting surface R5, is then reflected from the surfaces 
R5. R6 and R7 in succession, then exits from the optical element 60, then enters the positive lens 72, then refracts in 
crossing the refracting surfaces R8 and R9 and then forms an image again on the last image plane R10. The object 
light rays form an intermediate image in the space between the surfaces R4 and R5, and re-form an image in contracted 
scale on the last image plane R10. The pupil light rays form an intermediate image in the space between the surfaces 

so R6 and R7. 

Owing to such refractive powers in the interior of the optical element 60 by the plurality of curved reflecting mirrors, 
and to such refractive powers by the two positive lenses 71 and 71 , the optical system 70 functions as a lens unit having 
a desired optical performance with the overall refractive power being positive. 

The lateral aberrations of the present embodiment are shown in Fig. 1 7. 
55 In the present embodiment, the entrance and exit of the optical element 60 using the hollow core mirror surfaces 
are provided with respective refracting systems to thereby supplement the insufficiency of the refractive power arising 
from the fact that the reflection in air contributes to a small refractive index (= 1 .0). 
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Also, if the surface reflecting mirror is used, dust or foreign particles accumulate on it. When shooting, they cast 
shadow on the image plane. In the present embodiment, however, the two positive lenses 71 and 72 are formed in uni- 
son with the optical element 60 to thereby prevent dust or foreign particles from invading. 

Also, in the present embodiment, the positive lens at the entrance of the optical system functions to converge the 
5 incoming light rays to avoid an unduly large increase of the first reflecting surface R4 of the optical element 60. At the 
exit, too, of the optical system, there is arranged the positive lens 72 to supplement a refractive power. 

(Embodiment 8) 

10 Fig. 1 8 is a sectional view in the YZ plane of an eighth embodiment of the optical system according to the invention. 
The present embodiment is a photographic optical system of 52.6 degrees in the horizontal angle of view and 40.6 
degrees in the vertical angle of view. Fig. 16 even shows the optical path. 

The data of the design parameters of the present embodiment are as follows: 

15 Horizontal Half-Angle of View: 26.3° 
Vertical Half-Angle of View: 20.3° 
Aperture Diameter: 2.0 mm 
Image Size: Horizontal 4 mm x Vertical 3 mm 
Optical System Size: (XxYxZ) = 1 0.2 x 29.5 x 21 .5 
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In Fig. 18, an optical element 10 has two refracting surfaces and a plurality o1 curved reflecting surfaces and is 
made from a glass or like transparent body. The external surface of the optical element 10 is made up, as comprising, 
in order of passage of light from an object, a concave refracting surface R2 (entrance surface) having a negative refrac- 
35 tive power, four reflecting surfaces, namely, a concave mirror R3, a reflecting surface R4, a reflecting surface R5 and a 
concave mirror R6. and a concave redacting surface R7 (exit surface) having a nagativ9 r9fractiva power. A stop R1 
(entrance pupil) is located on the obj9ct sid9 of the optical algrrwnt 10. A last image plana R8 is coincident with th9 
image sensing surface of a CCD or like image pickup element. A reference axis of the photographic optical system is 
indicated by reference numeral 5. The whole of the reference axis lies in the paper of the drawing (YZ plane). 
40 It is to be noted that the two refracting surfaces each are rotationally symmetrical or a sphere, and all the reflecting 
surfaces are symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function described below. A light beam 1 from the object comes in the Z (- 
) direction and passes through th9 stop R1 (entrance pupil), by which tha light intensity is r9gulated, ! then enters the 
optical element 10 at the entrance surface R2 to receive divergence, is then reflected from the surface R3 to once form 
45 an image, is then reflected from the surfaces R4, R5 and R6 in succession, then exits from the exit surface R7, and then 
forms an image again on the last image plane R8. 

The object light rays form an intermediate image in the neighborhood of the surface R4, and the pupil light rays form 
an intermediate image in the neighborhood of the surface R5. 

Owing to such refractiva powers by the antranca and exit surfaces and to such refractive powers in th9 internal 
so space therebetween by the plurality of curved reflecting mirrors, the optical element 1 0 functions as a lens unit having 
a desired optical performance with the overall refractive power being positive. 
The lateral aberrations of the present embodiment are shown in Fig. 19. 

In the present embodiment, the entrance surface R2 is formed to a concave refracting surface of sphere, so that, 
concerning the off-axial principal ray, it is made concentric toward the object side to thereby reduce the produced 
55 amount of off-axial aberrations. The exit surface R7, too, is formed to a concave refracting surface of sphere so that, 
concerning the on-axial rays, it is made concentric toward the image side to thereby suppress th9 spharical abarration 
and the longitudinal chromatic aberration. 
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(Embodiment 9) 

Fig. 20 is a sectional view in the YZ plane of a ninth embodiment of the optical system according to the invention. 
The present embodiment is a photographic optical system of 63.4 degrees in the horizontal angle of view and 49.6 
5 degrees in the vertical angle of view. Fig. 20 even shows the optical path. The data of the design parameters of the 
present embodiment are as follows: 

Horizontal Half-Angle of View: 31.7° 
Vertical HaR-Angle of View: 24.8° 
10 Aperture Diameter: 2.0 mm 

Image Size: Horizontal 4 mm x Vertical 3 mm 
Optical System Size: (XxYxZ) = 8.8 x 28.5 x 15.6 
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In Fig. 20, an optical element 10 has a plurality of curved reflecting surfaces and is made from a glass or like trans- 
parent body. The external surface of the optical element 1 0 is made up, as comprising, in order of passage of light from 
an object, a convex refracting surface R2 (entrance surface) having a positive refractive power, five reflecting surfaces, 
40 namely, a concave mirror R3, a convex mirror R4, a concave mirror R5, a reflecting surface R6 and a concave mirror 
R7, and a convex refracting surface R8 (exit surface) having a positive refractive power. A stop R1 is located on the 
object side of the optical element 10. A last image plane R9 is coincident with the image sensing surface of a CCD or 
like image pickup element. A reference axis of the photographic optical system is indicated by reference numeral 5. 
It is to be noted that the two refracting surfaces each are rotationally symmetrical or a sphere, and all the reflecting 
45 surfaces are symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function described below. A light beam 1 coming from the object passes 
through the stop R1 (entrance pupil), by which the light intensity is regulated, then enters the optical element 10 at the 
entrance surface R2, is then reflected from the surface R3, then once forms an image, is then reflected from the sur- 
faces R4, R5, R6 and R7 in succession, then exits from the exit surface R8, and then forms an image again on the last 
50 image plane R9. The object light rays form an intermediate image in the space between the surfaces R3 and R4, and 
the pupil light rays form an intermediate image in the neighborhood of the surface R6. 

The lateral aberrations of the optical system of the present embodiment are shown in Fig. 21 . 
In the present embodiment, the direction of the reference axis entering the optical element 10 and the direction of 
the reference axis exiting therefrom are parallel to each other and are opposite to each other. Also, the whole of the ref- 
55 erence axis including entering and exiting lies in the paper of the drawing (YZ plane). 

Owing to such refractive powers by the entrance and exit surfaces and to such refractive powers in the internal 
space therebetween by the plurality of curved reflecting mirrors, the optical element 10 functions as a lens unit having 
a desired optical performance with the overall refractive power being positive. 
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In the present embodiment, focusing to a close object is performed by moving the whole optical system relative to 
the image sensing surface R9 of the image pickup element. Particularly in the present embodiment, because the direc- 
tion of the reference axis entering the optical element 10 and the direction of the reference axis exiting from the optical 
element 10 are parallel to each other, the whole optical system can be moved in parallel to the direction of the exiting 
5 reference axis (Z axis direction), so that the focusing operation is carried out likewise as in the conventional lens sys- 
tem. 

In the present embodiment, the entrance surface R2 is made to be a convex refracting surface of sphere, thereby 
converging the off-axial principal ray. With this, when to increase the angle of field, the size of the first reflecting surface 
R3 is prevented from becoming big. The exit surface R8, too, is made to be a convex refracting surface of sphere, 
10 thereby preventing the back focal distance from increasing unduly largely. At the same time, the off-axial rays are con- 
trolled so that the off-axial principal ray becomes telecentric to the image side. 

(Embodiment 10) 

is Fig. 22 is a sectional view in the YZ plane of a tenth embodiment of the optical system according to the invention. 
The present embodiment is a photographic optical system of 63.4 degrees in the horizontal angle of view and 49.6 
degrees in the vertical angle of view. In Fig. 22, the optical path is even shown. The data of the design parameters of 
the present embodiment are as follows: 

20 Horizontal Half-Angle of View: 31.7° 
Vertical Half-Angle of View: 24.8° 
Aperture Diameter: 2.0 mm 
Image Size: Horizontal 4 mm x Vertical 3 mm 
Optical System Size: (XxYxZ) = 1 1.6 x 31.7 x 18.4 
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In Fig. 22, an optical element 10 has a plurality of curved reflecting surfaces and is made from a glass or like trans- 
parent body. The external surface of the optical element 10 is made up, as comprising, in order of passage of light from 
an object, a convex refracting surface R2 (entrance surface) having a positive refractive power, five reflecting surfaces, 
40 namely, a concave mirror R3, reflecting surfaces R4, R5 and R6 and a concave mirror R7, and a concave refracting sur- 
face R8 (exit surface) having a negative refractive power. A stop R1 is located on the object side of the optical element 
1 0. A last image plane R9 is coincident with the image sensing surface of a CCD or like image pickup element. A refer- 
ence axis of the photographic optical system is indicated by reference numeral 5. 

It is to be noted that the two refracting surfaces each are rotationally symmetrical or a sphere, and all the reflecting 
45 surfaces are symmetrical with respect to the YZ plane only. 

This embodiment has an image forming function described below. A light beam 1 coming from the object passes 
through the stop R1 (entrance pupil), by which the light intensity is regulated, then enters the optical element 10 at the 
entrance surface R2, is then reflected from the surface R3, then once forms an image, is then reflected from the sur- 
faces R4, R5, R6 and R7 in succession, then exits from the exit surface R8, and then forms an image again on the last 
so image plane R9. The object light rays form an intermediate image in the space between the surfaces R3 and R4, and 
the pupil light rays form an intermediate image in the space between the surfaces R5 and R6. 

The lateral aberrations of the optical system of the present embodiment are shown in Fig. 23. 

In the present embodiment, the direction of the reference axis entering the optical element 10 and the direction of 
the reference axis exiting therefrom are parallel to each other and are opposite to each other. Also, the whole of the ref- 
55 erence axis including entering and exiting lies in the paper of the drawing (YZ plane). 

Owing to such refractive powers by the entrance and exit surfaces and to such refractive powers in the internal 
space therebetween by the plurality of curved reflecting mirrors, the optical element 10 functions as a lens unit having 
a desired optical performance with the overall refractive power being positive. 



32 

04/16/2004, EAST Version: 1.4.1 



EP0730169A2 



In the present embodiment, focusing to shorter object distances is performed by moving the whole optical system 
relative to the image sensing surface R9 of the image pickup element. Particularly in the present embodiment, because 
the direction of the reference axis entering the optical element 10 and the direction of the reference axis exiting from the 
optical element 10 are parallel to each other, the whole optical system can be moved in parallel to the direction of the 
5 exiting reference axis (Z axis direction), so that the focusing operation is carried out likewise as in the conventional lens 
system. 

In the present embodiment, the entrance surface R2 is made to be a convex refracting surface of sphere, thereby 
converging the off-axial principal ray. With this, when to increase the angle of field, the effective diameter of the first 
reflecting surface R3 is prevented from increasing in its size. Also, the exit surface R8 is made to be a concave refracting 

10 surface of sphere. With this, an arrangement is resulted that, for the on-axial rays, a long back focal distance is secured, 
and that, for the off-axial rays, it becomes telocentric to the image side. 

It will be appreciated from each of the foregoing embodiments that the optical element essential to the invention 
has a constructional feature of having at least three curved reflecting surfaces. In the prior art, it has been the common 
practice to employ two curved reflecting surfaces as decentered. In this case, the on-axial light beam could be corrected 

is for aberrations, but it is very difficult to correct the off-axial light beam. In the present invention, on the other hand, use 
is made of at least three reflecting surfaces imparted with such curvature and so decentered that they get refractive 
powers. The aberrations are well corrected over the entire area of the two-dimensional image plane. 

Also, in the embodiments 1 to 5 and 8 to 10 using the optical element provided, on the external surface of the trans- 
parent body, the light entrance and exit surfaces and the curved reflecting surfaces of internal reflection, 70% or more 

20 of the length of the reference axis in the interior of the optical element is found present in one and the same plane. More 
specifically speaking, in the embodiments 1 to 4 and 8 to 10, the whole of the reference axis is contained in one and 
the same plane. By virtue of this, the optical system of reflecting type of the invention can be formed to the thinnest 
shape in the direction perpendicular to that plane. Also, the embodiment 5 is an example of making the object light 
beam enter from the direction perpendicular to the plane containing most of the reference axis. Even in this case, at 

25 least 70% of the reference axis lies in one plane. Therefore, for the direction perpendicular to that plane, the optical sys- 
tem can be formed to be very thin. It is to be noted that, for the favorable results, it is preferable that 80% or more of the 
reference axis lies in one plane. 

The values of the factors in the conditions (1) to (4) of the first curved reflecting surface, when counted from the 
object side, for the embodiments are listed below. 

30 



45 



Embodi- 
ment No. 


Inequality of Condition 




(1)ab>0 


(2)V|6| 
0.9< <1.5 


(3) |al/d 

0.9< <2.0 


W Ib|/d 
0.9< <2.0 


1 


203.37 


1.04 


1.56 


1.21 


2 


137.57 


1.16 


1.18 


1.35 


4 


130.09 


1.07 


1.30 


1.36 


6 


205.31 


1.38 


1.03 


1.30 


7 


365.32 


1.04 


1.51 


1.17 


8 


167.49 


1.01 


1.25 


1.33 


9 


181.83 


1.04 


1.14 


1.02 


10 


242.88 


, 1.02 


1.30 


1.20 



50 

It is to be noted that, though the foregoing embodiments have been described all in connection with the stop 
located at a position nearest to the object side of the optical system, because, in the embodiments of the invention, a 
real image of the pupil is formed within the optical system, as the case may be, the optical element is divided into two 
parts with the boundary at the position of that image and the stop is put in the space therebetween. If so, the entrance 
55 pupil is formed at a position nearest to the object side of the optical system likewise as in the foregoing embodiments. 
Thus, an equivalent optical system is obtained with similar advantages. In this case, it is recommended that the 
entrance pupil takes its place on the object side of the first curved reflecting surface, when counted from the object side, 
of the one of the optica! elements which receives at first the light beam from the object. With this, the same improved 
results as those of the foregoing embodiments are effected. 
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The present invention has set forth the design rules as described above so that many advantages are produced. 
Of these, the remarkable ones are as follows. 

With the use of the optical elements each having a plurality of reflecting surfaces of curved and flat shapes formed 
in unison, the compact form of the entirety of the mirror optical system is improved, while still permitting the position and 
angle tolerances (assembling tolerances) for the reflecting mirrors to be made looser than was heretofore usually nec- 
essary to the mirror optical systems. Hence, it is possible to achieve a high accurate optical system of reflecting type 
and an image pickup apparatus using the same. 

With the use of a configuration that the stop is located at a position nearest to the object side of the optical system, 
and the object and pupil images are formed at least once in the interior of the optical element, despite the wide angle 
of field from the point of view of the reflecting type of optical system, the effective diameter of the optical system is short- 
ened. In addition, of the reflecting surfaces constituting the optical element, some are given appropriate refractive pow- 
ers and the reflecting surfaces constituting every optical system are arranged in appropriate decentering relation to 
obtain a desired zigzagging optical path within the optical system. Hence, it is possible to achieve an optical system of 
reflecting type whose total length in a certain direction is shorter than was heretofore possible and an image pickup 
is apparatus using the same. 

Besides these, according to the invention, the following advantages are produced. 

In the case of the embodiments either when the stop is ahead of the optical element, or when the entrance pupil 
lies on the object side of the first reflecting surface, when counted from the object side, of the optical element, particu- 
larly the impartmerrt of the converging function to the first reflecting surface of the optical element contributes to a 
20 reduction of the size of the optical system, since the pupil ray (principal ray) forms the intermediate image in the stage 
near to the entrance surface, so that a further thinning of the optical system is assured. After having exited from the stop 
R1 and before diverging largely, the off-axial principal ray is made to converge. With this, when to increase the angle of 
view of the optical system, the increase of the effective diameters of the first reflecting surface and those that follow is 
suppressed. 

25 In a case where the first reflecting surface is an ellipsoid of revolution with a focus at an apparent stop center as 
viewed from that reflecting surface (entrance pupil to that reflecting surface) and another focus at a point on the zigza- 
gging reference axis of the interior of the optical system, the official principal ray is possible to form an intermediate 
image point with almost no aberrations. By this, thinning of the optical element can be achieved and, at the same time, 
the off-axial aberrations are suppressed from increasing in the initial stage. 

30 In the embodiments of the invention, if the entrance and exit surfaces of the optical system are imparted with refrac- 
tive powers, distinct effects are produced. For example, with the entrance surface, when in a concentric concave form 
to the off-axial principal ray, all off-axial aberrations can be reduced. Also, with the exit surface, when in a convex form, 
the back focal distance is prevented from becoming too long. Meanwhile, if the entrance surface is made convex, 
because the off-axial rays converge by this surface, the first reflecting surface can be prevented from increasing in its 

35 size largely , w 

Also, the shape of the exit surface may otherwise be determined so that the off-axial principal ray (pupil ray) to this 
surface refracts to an angle depending on its angle of incidence, thereby effecting almost perfect parallelism on the exit 
side (the image side), that is, telecentricity. In application of this to the image pickup element such as CCD, where a gap 
exists between the color filter of the CCD and the light sensing surface, the ability to separate colors is advantageously 
40 prevented from varying with variation of the angle of incidence on the image pickup element, because, if the optical sys- 
tem is made telecentric to the image side, the principal rays of the on-axial and off-axial light beams both become 
almost parallel to the optical axis so that the angle of incidence on the CCD becomes almost constant over the entire 
area of the light sensing surface thereof. 

Further, in the embodiments, whilst almost every reflecting surfaces has only one plane of symmetry, the entrance 
45 and exit surfaces are of rotationally symmetric form with respect to the reference axis. By virtue of this, the reference 
axis can be accurately measured and tested when to manufacture the optical systems. Also, by making the refracting 
surface to be rotationally symmetric, the amount of produced asymmetric chromatic aberrations can be reduced. 

In the conventional optical system shown in Fig. 28, the reflecting surfaces at the entrance and exit sides have 
refractive powers, but the reflections therebetween merely guide the light beam, that is, play the only role of the so- 
so called light guide. In the embodiments of the invention, on the other hand, at least three refractive power-imparted 
reflecting surfaces are formed in a unit, thereby producing the combined function of folding the optical axis and of cor- 
recting aberrations for the two-dimensional image plane. Thus, a photographic optical system of compact form and 
large flexibility of the contour with good performance can be obtained. 

In the embodiments of the invention, the object light rays and the pupil light rays each form an intermediate image. 
55 The intermediate images of the object and pupil take their place nearer to the entrance surface than with the conven- 
tional photographic optical system, thereby suppressing the size of each surface on the image side of the stop. Thus, 
the invention has succeeded in minimizing the size of the cross-section of the optical system. 

Further, in the embodiments of the invention, the reference axis that is zigzagging in the interior of the optical sys- 
tem is contained in one and the same plane, that is, in the YZ plane. By combining this with the formation of the inter- 
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mediate images with the object light rays and pupil light rays within the element, the size in the direction (X direction) 
perpendicular to the YZ plane is minimized. 

The reflecting surfaces constituting the optical element each have its normal line at the point of intersection of the 
entering and exiting reference axis to be out of coincidence with the direction of the reference axis, or are the so-called 

5 decentered reflecting surface. This is for the purpose of preventing the vignetting effect from being produced as in the 
conventional mirror optical system. At the same time, by this, a free layout can be permitted to adopt. So, an optical ele- 
ment of good space efficiency, compact form and free shape can be made up. 

Further, the shape of each reflecting surface has different radii of curvature in the two planes (yz plane and xz 
plane) orthogonal to each other. This is for the purpose of suppressing the decentering aberrations produced by the 

w decentering arrangement of each reflecting surface. Further, this reflecting surface is made asymmetric, thereby 
achieving good correction of ail aberrations for a desired optical performance. 

In the invention, as the interior of the optical element is filled with a transparent material such as glass, the molding 
techniques can be employed to thereby improve the productivity and reduce the production cost Meanwhile, if the opti- 
cal element is formed to a hollow core block, and the external mirrors are formed in the surfaces of the hollow core, it 

is becomes possible to achieve reduction of the weight of the optical system and also to reduce chromatic aberrations. 
In the invention, the stop is arranged just in front of the entrance surface of the optical el ement or the entrance pupil 
is on the object side of the first reflecting surface, when counted from the object side, of the optical element. In the case 
of the conventional optical system, the stop is often located in the interior of the optical system. Moreover, in most 
cases, the entrance pupil is at a far position from the entrance surface. Therefore, a problem arises in that the farther 

20 the separation from the stop to the entrance surface at the most front as viewed from the stop, the higher the rate at 
which the ray effective diameter of the entrance surface increases with increase of the angle of view, in the embodi- 
ments of the invention, by arranging the stop or the entrance pupil on the object side of the optical element (on the light 
beam entering side of the optical system), the increase of the size of the photographic optical system resulting from the 
increase of the angle of view of the optical system is suppressed to a minimum. 

25 In a case where the directions of the entering reference axis and the exiting reference axis are made parallel to 
each other, focusing can be performed in a similar manner to that of the conventional lens system by moving the whole 
optical system in parallel to the entering or exiting reference axis. Moreover, the target area is not caused to change by 
such focusing. 

As the feature of the reflecting type optical system, the surfaces can be arranged in various ways. So, there is a 
30 wide variety of choices in the combination of the directions of the entering reference axis and the exiting reference axis. 
In more detail, according to the invention, a wide variety of forms of optical elements can be obtained with the ori- 
entation of the entering reference axis different from that of the exiting reference axis. By virtue of a high degree of free- 
dom for the layout, therefore, it becomes possible to adopt the most suitable form of the photographic optical system to 
the camera or the like apparatus. 
35 An optical system of reflecting type according to the invention comprises an optical element composed of a trans- 
parent body having an entrance surface, an exit surface and at least three curved reflecting surfaces of internal reflec- 
tion, wherein a light beam coming from an object and entering at the entrance surface is reflected from at least one of 
the reflecting surfaces to form a primary image within the optical element and is, then, made to exit from the exit surface 
through the remaining reflecting surfaces to form an object image on a predetermined plane, and wherein 70% or more 
40 of the length of a reference axis in the optical element lies in one plane. 

Claims 

1. An optical system of reflecting type, comprising an optical element composed of a transparent body having an 
45 entrance surface, an exit surface and at least three curved reflecting surfaces of internal reflection, wherein a light 

beam coming from an object and entering at the entrance surface is reflected from at least one of the reflecting sur- 
faces to form a primary image within said optical element and is, then, made to exit from the exit surface through 
the remaining reflecting surfaces to form an object image on a predetermined plane, and wherein 70% or more of 
the length of a reference axis in said optical element lies in one plane. 

50 

2. An optical system of reflecting type according to claim 1 , wherein a stop is located adjacent to the entrance surface 
of said optical element. 

3. An optical system of reflecting type according to claim 2, wherein the first curved reflecting surface of said optical 
55 element, when counted from an object side, has a converging action. 

4. An optical system of reflecting type according to claim 3. wherein said first curved reflecting surface is formed to an 
ellipsoid of revolution. 
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5. An optical system of reflecting type according to claim 4, wherein the shape of said first curved reflecting surface 
is expressed by using a local coordinate system (x,y,z) for said first curved reflecting surface and making coeffi- 
cients representing the shape of a base zone of said first curved reflecting surface be denoted by a, b and t, and 
wherein, putting 

A = (a+b)(y 2 cos 2 t+x 2 ) 

B = 2abcost[1+{(b-a)ysint/(2ab)} + {1+{(b-a)ysint/(ab)} - {y 2 /(ab)J 
- {4abcos 2 t+(a+b) 2 sin 2 t}x 2 /(4a 2 b 2 cos 2 t)f 1/2 J 

and defining 

z = A/B+C 02 y 2 +C 20 x 2 +C 03 y 3 +C 21 x 2 y+C 04 y 4 +C 22 x 2 y ^C^x 4 
the following conditions are satisfied: 

ab>0 
0.9 < V|6| < 1.5 
0.9 < a/d < 2.0 
0.9 < b/d < 2.0 

where 8 is an angle of inclination of said first curved reflecting surface with respect to the reference axis and d is 
the distance between the center of said stop and said first curved reflecting surface as measured along the refer- 
ence axis. 

6. An optical system of reflecting type according to claim 1 , wherein an entrance pupil of said optical system of reflect- 
ing type is located nearer to an object side than the first reflecting surface, when counted from the object side, of 
said optical element. 

7. An optical system of reflecting type according to claim 1 , wherein the reference axis entering said optical element 
and the reference axis exiting from said optical element are parallel to each other and are orientated in the same 
direction, 

8. An optical system of reflecting type according to claim 1 , wherein the reference axis entering said optical element 
and the reference axis exiting from said optical element are parallel to each other and are orientated in opposite 
directions. 

9. An optical system of reflecting type according to claim 1 , wherein the reference axis entering said optical element 
and the reference axis exiting from said optical element have respective directions orthogonal to each other. 

10. An optical system of reflecting type according to claim 1, wherein said curved reflecting surfaces constituting said 
optical element each are of a form having only one plane of symmetry. 

1 1 . An optical system of reflecting type according to claim 1 , wherein said entrance surface and said exit surface each 
have a refractive power. 

12. An optical system of reflecting type according to claim 1, wherein said entrance surface has a positive refractive 
power. 

13. An optical system of reflecting type according to claim 1 , wherein said entrance surface has a negative refractive 
power and said exit surface has a positive refractive power. 

14. An optical system of reflecting type according to claim 1 , wherein said entrance surface and said exit surface each 
have a negative refractive power. 
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15. An optical system of reflecting type according to claim 1 . wherein said entrance surface and said exit surface each 
have a positive refractive power. 

16. An optical system of reflecting type according to claim 1, wherein said entrance surface has a positive refractive 
s power and said exit surface has a negative refractive power. 

1 7. An optical system of reflecting type according to claim 12, wherein said entrance surface and said exit surface each 
have a form rotationally symmetric with respect to the reference axis. 

w 18. An optical system of reflecting type according to claim 1, wherein said optical element moves in parallel to the ref- 
erence axis exiting therefrom to effect focusing. 

1 9. An optical system of reflecting type according to claim 1 , wherein the whole of the reference axis of said optical ele- 
ment lies in one plane. 

75 

20. An optical system of reflecting type according to claim 1, wherein said optical element has a reflecting surface 
whose normal line at a point of intersection with the reference axis is inclined with respect to a plane in which more 
than 70% of the length of the reference axis of said optical element lies. 

20 21. An optical system of reflecting type comprising an optical element having at least three curved reflecting surfaces 
of surface reflection whose reference axis lies on one plane and which are formed in unison so as to be opposed 
to each other, wherein a light beam coming from an object is reflected from at least one of the three curved reflect- 
ing surfaces to form an object image and the object image is then re-formed in a contracted fashion on a predeter- 
mined plane by the remaining reflecting surfaces. 

25 

22. An optical system of reflecting type according to claim 21 , wherein a stop is located on an object side of said optical 
element. 

23. An optical system of reflecting type according to claim 22, wherein the first curved reflecting surface, when counted 
30 from the object side, of said optical element, has a converging action. 

24. An optical system of reflecting type according to claim 23, wherein said first curved reflecting surface is formed to 
an ellipsoid of revolution. 

35 25. An optical system of reflecting type according to claim 24, wherein the shape of said first curved reflecting surface 
is expressed by using a local coordinate system (x,y,z) for said first curved reflecting surface and making coeffi- 
cients representing the shape of a base zone of said first curved reflecting surface be denoted by a, b and t, and 
wherein, putting 

40 A = (a+b)(y 2 cos 2 t+x 2 ) 

B = 2abcost[1+{(b-a)ysint/(2ab)] + {1+{(b-a)ysint/(ab)) - ft 2 
- {4abcos 2 t+(a+b) 2 sin 2 t}x 2 /(4a 2 b 2 cos 2 t)} 1/2 ] 

45 

and defining 

z = A/B+C 02 y 2 +C 20 x 2 +C 03 y 3 +C 21 xVc 04 y 4 +C 22 x 2 y 2 +C 40 x 4 
so the following conditions are satisfied : 

ab >0 
0.9 < t/|o| <1.5 ; 

55 

0.9 < a/d < 2.0 
0.9 < b/d < 2.0 
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where 8 is an angle of inclination of said first curved reflecting surface with respect to the reference axis and d is 
the distance between the center of said stop and said first curved reflecting surface as measured along the refer- 
ence axis. 

26. An optical system of reflecting type according to claim 21, wherein an entrance pupil of said optical system of 
reflecting type is located nearer to an object side than the first reflecting surface, when counted from the object side, 
of said optical element. 

27. An optical system of reflecting type according to claim 21 , wherein the reference axis entering said optical element 
and the reference axis exiting from said optical element are parallel to each other and are orientated in the same 
direction. 

28. An optical system of reflecting type according to claim 21 , wherein the reference axis entering said optical element 
and the reference axis exiting from said optical element are parallel to each other and are orientated in opposite 
directions. 

29. An optical system of reflecting type according to claim 21 . wherein the reference axis entering said optical element 
and the reference axis exiting from said optical element have respective directions orthogonal to each other. 

30. An optical system of reflecting type according to claim 21 , wherein a refracting optical system or systems are 
located on an object side and/or an image side of said optical element 

31. An optical system of reflecting type according to claim 21 , wherein said curved reflecting surfaces constituting said 
optical element each are of a form having only one plane of symmetry. 

32. An optical system of reflecting type according to claim 21 , wherein said optical element moves in parallel to the ref- 
erence axis exiting theref rom to effect focusing. 

33. An optical system of reflecting type comprising an optical element having formed therein in unison at least three 
curved reflecting surfaces composed of surface reflecting mirrors and a reflecting surface whose normal line at a 
point of intersection with a reference axis is inclined with respect to a plane in which the reference axis among the 
plurality of reflecting surfaces lie, wherein, as a light beam coming from an object repeats reflection from the plural- 
ity of reflecting surfaces and then exits to form an image of the object, the object beam coming from the object is 
once focused to form an object image in at least one of spaces among the plurality of reflecting surfaces and is then 
focused to re-form the object image. 

34. An optical system of reflecting type according to claim 33. wherein a stop is located on an object side of said optical 
element. 

35. An optical system of reflecting type according to claim 34, wherein the first curved reflecting surface, when counted 
from the object side, of said optical element has a converging action. 

36. An optical system of reflecting type according to claim 35, wherein said first curved reflecting surface is formed to 
an ellipsoid of revolution. 

37. An optical system of reflecting type according to claim 36, wherein the shape of said first curved reflecting surface 
is expressed by using a local coordinate system (x,y,z) for said first curved reflecting surface and making coeffi- 
cients representing the shape of a base zone of said first curved reflecting surface be denoted by a, b and t, and 
wherein, putting 

A = (a+b)(y 2 cos 2 t+x 2 ) 

B = 2abcost[l+{(b-a)ysint/{2ab)} + {1+{(b-a)ysinV(ab)} - {y 2 /(ab)} 
- {4abcos 2 t+(a+b) 2 sin 2 t}x 2 /(4a Vcos 2 t)} 1/2 ] 

and defining 

z = A/B+C 02 y 2 +C 20 x 2 + C 03 y 3 +C 21 x 2 y+C 04 y 4 +C 22 x 2 y 2 +C 40 x 4 
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the following conditions are satisfied: 

ab >0 
0.9 < t/|6| < 1.5 
0.9 < a/d < 2.0 
0.9 < b/d < 2.0 

where 0 is an angle of inclination of said first curved reflecting surface with respect to the reference axis and d is 
the distance between the center of said stop and said first curved reflecting surface as measured along the refer- 
ence axis. 

75 38. An optical system of reflecting type according to claim 33. wherein an entrance pupil of said optical system of 
reflecting type is located nearer to an object side than the first reflecting surface, when counted from the object side, 
of said optical element. 

39. An optical system of reflecting type according to claim 33, wherein the reference axis entering said optical element 
20 and the reference axis exiting from said optical element have respective directions orthogonal to each other. 

40. An optical system of reflecting type according to claim 33. wherein said curved reflecting surfaces constituting said 
optical element each are of a form having only one plane of symmetry. 

25 41. An image pickup apparatus including an optical system of reflecting type according to one of claims 1 to 40, and 
arranged to form an image of the object on an image sensing surface of an image pickup medium. 
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